Introduction
Osteoporosis is a disease characterized by reduction in the bone mass and disruption of bone architecture leading to impaired skeletal strength and an increased susceptibility to fractures. 1 It is estimated that over 200 million people worldwide have osteoporosis and the prevalence is continuing to escalate. The major complication of osteoporosis is an increase in fragility fractures leading to morbidity, mortality, and decreased quality of life. 2 The number of osteoporosis patients in India was ~26 million in 2003; while in 2013, 50 million people in India were either osteoporotic or had low bone mass. A study showed an annual incidence rate for hip fractures as 163 and 121 per 100,000 per year in women and men, respectively, above the age of 55 years. Kaushal et al Recent evidence indicates oxidative stress as a fundamental mechanism of the age-dependent decline of bone mass and strength. 4, 5 As in other age-related diseases, there is an increased risk of oxidative stress, excessive production of reactive oxygen species, and decreased effectiveness of the antioxidant defense system in osteoporosis too. [6] [7] [8] Reactive oxygen species are reported to suppress osteoblast generation and differentiation as well as enhance osteoclast development and activity. 9, 10 Many studies have shown that lower levels of plasma antioxidants such as plasma vitamins C, E, and A, plasma glutathione peroxidase, and α-lipoic acid may be associated with a higher risk of osteoporosis and bone loss. 11, 12 Uric acid (UA) is a final enzymatic product in the degradation of purine nucleosides and free bases in humans. 13 Increased UA is considered a risk factor for various chronic diseases, such as hypertension, diabetes mellitus, and cardiovascular diseases. [14] [15] [16] However, contrary to this, there is an increasing evidence that UA has an important role as an antioxidant. 17, 18 Studies have shown that UA may have an advantageous effect in cancer 19 and nervous system diseases such as multiple sclerosis, amyotrophic lateral sclerosis, Alzheimer's disease, and dementia. [20] [21] [22] [23] Similarly, it is hypothesized that serum UA may potentially protect against metabolic bone diseases, such as osteoporosis, owing to its antioxidant effects. Many studies across the globe have evaluated the relationship between UA and bone health, with most of the cross-sectional studies supporting the positive effect of UA on bone health. To the best of our knowledge, there is scanty data evaluating the relationship between UA and the bone mineral density (BMD) in Indian population. This study investigated the same in a cross-sectional study in India.
Materials and methods study design
In this single-center, cross-sectional study, retrospective data were collected in Max Super Speciality Hospital, Saket, New Delhi (a tertiary care hospital). Data collection was initiated only after requisite approvals were obtained from the Scientific Committee and the Institutional Ethics Committee of Max Super Speciality Hospital. The requirement for informed consent was waived in view of the retrospective nature of the study and there being no direct contact with the study subjects. This study did not involve any intervention or therapy, and the research involved no risks to the subjects. Subjects' names and identity were not disclosed in any way during or after this database review study. Subjects were identified by subject ID numbers only, and hence, patient data confidentiality has been maintained.
subject screening, inclusion and exclusion criteria
The medical records of adult male and female subjects who had voluntarily visited the hospital for general health check-ups were reviewed. These subjects had willingly chosen the health plans including measurement of BMD and serum UA. The data were screened based on prespecified inclusion and exclusion criteria as detailed ahead. Subjects with any medical condition which would influence bone metabolism, such as diabetes, cancer, hyperlipidemia, and hyperthyroidism, were excluded from the study. Subjects concomitantly taking drugs affecting the bone metabolism, such as bisphosphonates, steroids, anticoagulants (heparin), anticonvulsants, barbiturates, chemotherapeutic agents, gonadotropin-releasing hormone agonists, immunosuppressants, lithium, and long-acting progestin, were also excluded. Subjects on drugs affecting UA levels, such as allopurinol, probenecid, colchicine, diuretics, immunosuppressive agents, and salicylates, were not included. Subjects with gout were excluded too.
Data collection
Gender, age (years), weight (kg) and height (m), and body mass index (BMI; kg/m 2 ) were recorded. History of smoking, alcohol consumption, and exercise status were recorded for presence/absence, respectively; and dietary habits were recorded as vegetarian/nonvegetarian diet. Medication history and history of medical disorder were recorded. During health check-ups, subjects had undergone bone scanning with dual-energy-X-ray absorptiometry machine. The absolute areal BMD values (g/cm 2 ) and T-scores were available for five bone sites, that is, lumbar spine (L1-L4), femoral neck (both right and left), and total femur (both right and left). Laboratory data were collected for UA, total cholesterol, low-density lipoprotein, very low density lipoprotein, high-density lipoprotein, triglycerides, alkaline phosphatase, serum calcium, serum phosphate, fasting glucose (all measured in mg/dL), glycosylated hemoglobin (%), and vitamin D (ng/mL).
statistical analysis
Statistical analysis was performed using SPSS-20.0 for the Windows Statistical Package (IBM Corporation, Armonk, NY, USA). Descriptive data were presented as mean ± SD or number (%), unless specified. Univariate analysis was 
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subject characteristics
The medical records of 524 subjects were reviewed, and the final analysis included 310 subjects (mean age of 47.2±12.2 years [range: 20-84 years]) after applying the inclusion and exclusion criteria detailed above. The study population consisted of 135 females (43.5%) and 175 males (56.5%). Based on the median value of UA (5.4 mg/dL) for the population, it was stratified into two groups: low UA group (UA levels #5.4 mg/dL; n=156) and high UA group (UA levels .5.4 mg/dL; n=154). The baseline characteristics and laboratory parameters of the study population stratified by median UA levels are depicted in Table 1 .
Height, weight, and BMI were significantly higher in high UA group (p,0.001). Subjects in high UA group had significantly higher levels of low-density lipoprotein, triglycerides, and calcium, as compared to those in low UA group (p,0.05). Significantly, low levels of high-density lipoprotein were found in high UA group as compared to low UA group (p,0.001). There were no differences between the two groups with regards to alkaline phosphatase, serum phosphate and vitamin D, glucose (fasting), and glycosylated hemoglobin (p.0.05; Table 1 ). Kaushal et al Comparative BMD and T-scores between the two Ua groups BMD at all bone sites was significantly higher in subjects with higher UA levels (p,0.001) as compared to subjects in low UA group (Table 2) . Subjects with higher UA levels had significantly higher T-scores at lumbar spine, left femur neck, and right femur neck (p,0.05); however, T-scores at left total femur (p=0.137) and right total femur (p=0.188) were comparable between the two UA groups. The prevalence of osteoporosis (T score #−2.5) was numerically higher at all bone sites in the low UA group; it was significantly higher at left total femur only (p=0.025; Table 2 ).
Pearson's correlation analysis between Ua and BMD UA was found to be positively and significantly associated with BMD at all bone sites (p,0.05; Table 3 ). The Pearson's correlation coefficients (r) were 0.211, 0.263, 0.277, 0.275, and 0.273 at lumbar spine, left femur neck, right femur neck, left total femur, and right total femur, respectively. The correlation of UA with BMD remained significant at all bone sites after independently controlling for age (p,0.05) and lifestyle factors (smoking, alcohol use, physical activity, and diet adjusted; p,0.05) in partial correlation analysis. When controlled for age and BMI combined, the correlation remained significant at all bone sites (p,0.05). The correlation remained significant even after controlling for hydroxyvitamin D at all skeletal sites except lumbar spine (p=0.072).
linear regression analysis
In simple linear regression analysis, significant R square (r 2 ) values (p,0.001) were obtained at all skeletal sites. UA significantly (p,0.05) contributed toward BMD variability at all bone sites (4.5%, 6.9%, 7.7%, 7.6%, and 7.5% variability at lumbar spine, left femur neck, right femur neck, total femur left, and right total femur, respectively). Regression "standardized coefficients (β)" for UA were positive in value and ranged from 0.211 to 0.277 for unadjusted model (Table 4) . UA showed highest contribution of 7.7% toward BMD variance at right femur neck.
In age-and BMI-adjusted regression analysis (Table 5) , the contribution of UA toward BMD remained significant (p,0.05) at each skeletal site (1.6%, 2.7%, 3.2%, 2.8%, and 2.8% variability at lumbar spine, left femur neck, right femur neck, left total femur, and right total femur, respectively). In age-and BMI-adjusted analysis, standardized coefficient (β) values were 0.133, 0.174, 0.187, 0.174, and 0.176 at lumbar spine, left femur neck, right femur neck, left total femur, and right total femur, respectively (not presented in Table 5 ).
Discussion
We investigated the correlation of BMD and UA in 310 adult Indian subjects having no such significant medical or medication history which could have affected BMD or UA. Our study results indicate that UA has a positive and significant association with BMD at all skeletal sites, which 
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association of serum uric acid with bone mineral density is in concurrence with most of the earlier reported crosssectional studies. The association has been evaluated across the globe: in Australia, 24, 25 China, 26, 27 Japan, 28 Korea, [29] [30] [31] Thailand, 32 the Netherlands, 33 Turkey, 34 Italy, 35 and USA. [36] [37] [38] The findings of our analysis are consistent with the literature which supports the hypothesis of UA being favorable to bone metabolism in humans.
For instance, in a cross-sectional study in men aged $70 years (n=1,705) in Australia, BMD at all sites was significantly higher among men with serum UA above the group median of 0.36 mmol/L (6.4 mg/dL) than among men with UA below the median. Serum UA was associated with BMD at all sites (β =0.12-0.14, p,0.001) and accounted for 1.0%-1.44% of the variances in BMD. 24 Similarly, cross-sectional data analyses from Australian women (n=356), mean age 60.5 years, revealed that women with higher UA levels had significantly higher absolute BMD at all skeletal sites. On longitudinal analyses, significant associations between serum UA levels and annual rates of change in BMD were seen at all skeletal sites. 25 Likewise, UA was significantly and positively associated with the BMD after adjustment for multiple covariates in Chinese adults aged 40-75 years (n=3,079) in another cross-sectional analysis. 26 A high serum UA level was associated with a high BMD, T-score, and z score, and with low odds ratios for at least osteopenia and osteoporosis in males aged $50 years and in postmenopausal females in another retrospective cross-sectional study (n=17,735) in China. 27 A retrospective analysis of medical records of Japanese women (45-75 years, n=615) concluded that higher UA levels were linearly associated with higher lumbar spine BMD. 28 In a large cross-sectional study, in healthy Korean postmenopausal women (n=7,502), after adjusting for multiple confounders, serum UA levels were positively associated with BMD at all sites (all p,0.001). Compared with the participants in the highest UA quartile, the odds for osteoporosis were 40% higher in those in the lowest quartile. 29 Similarly, in a retrospective longitudinal study, including healthy Korean women aged $40 years (n=443) with an average follow-up interval of 2 years, serum UA level had a positive association 
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Kaushal et al with the annual percentage changes in BMD. 31 In a study in 1,320 males and 485 females aged 25-54 years in Thailand, when adjusted for covariates including age, body weight, and serum creatinine in multiple linear regression models, there was a positive association between UA levels and BMD at the lumbar spine in males only (p,0.05). The association between UA levels and BMD was found in females after controlling for age, body weight, and serum creatinine at the femoral neck, but in the opposite direction (p,0.05). 32 Likewise, data analyses in 5,074 participants ($55 years) of The Rotterdam Study (the Netherlands) showed that higher levels of serum UA were associated with higher BMD. 33 In a cross-sectional study in Turkish elderly (.70 years, n=2,190), UA was one of the independent variables predicting the occurrence of osteoporosis. Higher serum UA levels were associated with a lower prevalence of osteoporosis. 34 In a case-control cohort study (n=1,680) in USA, total hip BMD was significantly higher in the group of men with high UA compared with lower UA and increased linearly across quartiles of UA after multivariate adjustment (p for trend=0.002). 36 Similarly, higher UA levels were associated with higher BMD in unadjusted analyses in 6,759 National Health and Nutrition Examination Survey, USA participants (.30 years), but these associations were no longer statistically significant after adjustment for potential confounders. 37 Not only higher BMD, but higher UA levels were also reported to be associated with lowered risk of fractures. In Australian men, higher serum UA was associated with a lower prevalence of fractures. 24 In a longitudinal study of Korean men aged $50 years (n=16,078), baseline elevation of UA was significantly associated with a lower risk of incident fractures at osteoporosis-related sites during an average follow-up period of 3 years. 30 In another study, Korean postmenopausal women with vertebral fractures had lower serum UA levels, compared with those without vertebral fractures (p=0.009). 29 Similarly, a study from USA reported that higher serum UA levels were associated with a reduction in risk of incident non-spine fractures, but not hip fractures. 36 Contrary to these reports, baseline UA was not associated with the onset of new osteoporotic fractures over a 4.4-year follow-up in 1,586 Italian adults (.65 years), that is, did not decrease the risk of osteoporotic fractures on follow-up. However, participants with higher UA levels had significantly less osteoporosis prevalence at baseline. 35 Further, a U-shaped relationship between serum urate levels and hip fractures was reported in men aged $65 years (n=1,963) in USA on follow-up of 10 years. Men in the lowest and the highest urate quartiles (,4.88 and $6.88 mg/dL, respectively) had a significantly higher rate of fractures in unadjusted analysis. However, upon multivariate adjustment, only the hazard ratio for hip fracture in the highest quartile versus the reference remained significant. High serum urate levels were not associated with hip fractures in 2,729 women. 38 Hence, the results of aforementioned studies majorly demonstrated a positive relationship between UA and bone health in Asian, Australian, Turkish, and Netherlander populations in both cross-sectional and longitudinal analyses. Though cross-sectional data from Italy and USA favor the proposition, the longitudinal data are not supportive. The answer to contradictory results may be elucidated by different demographic characteristics such as gender, age, ethnicity, study designs, number of subjects, and confounders controlled for while analyzing the data. Literature supports the occurrence of ethnic differences in BMD, and genetic variation may be one of the potential explanations for the ethnic variation in BMD. [39] [40] [41] [42] The contributions of several gene polymorphisms regulating bone mass and its mineral content have been recognized, including polymorphisms of the VDR, ESR, CTR, and COL1A1 genes. Other candidate genes such as AHSG and PTH have also been investigated for their association with bone phenotypes by employing various polymorphic molecular markers. 42, 43 As reviewed by Lei et al, the osteoporosis-related phenotypic differences between Asians and Caucasians might be partially the result of the different ethnic genetic background. 42 The hypothesis of positive relationship between UA and bone health has been reinforced by a recently published meta-analysis by Veronese 
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association of serum uric acid with bone mineral density by Xiao et al, serum UA levels were positively correlated with lumbar spine BMD and T-values in Chinese Han males (n=385) aged .50 years, suggesting the protective effect of UA on bone density at the lumbar spine. 45 The exact mechanism of association between UA and BMD is unclear. The hypothesis is that UA in its crystalline state has inflammatory properties, whereas the soluble form within the normal physiologic levels may have antioxidant properties; 50% of the antioxidant properties of plasma are accounted for by UA. Due to the antioxidant properties, UA may inhibit osteoclastic bone resorption and contribute to higher BMD. 36 An in vitro study showed that UA suppressed osteoclastogenesis in a dose-dependent manner and decreased the production of reactive oxygen species in osteoclast precursors, indicating UA may have beneficial effects on bone metabolism as an antioxidant. Investigators concluded that the mechanism appears to be through reduction in the number and activity of osteoclasts that resorb bone. 29 Further, in another preclinical study, UA exerted arthroprotective effects against arthritis in oxonic acidtreated mice, as these mice displayed less inflammatory cell infiltration in the synovium, less synovial hyperplasia, less cartilage damage, and less bone erosion than control mice.
limitations and strengths of the study Because this was a retrospective analysis, the study data are dependent on accurate and complete documentation in the medical records. The details of menopausal status were not available. Subjects in this study were not from general community, but from a single tertiary hospital, and subjects had come willingly for voluntary health check-ups. The study did not include longitudinal data. In view of the small sample size, relationship analysis could not be done for males and females separately.
Our study was a well-characterized cross-sectional study that excluded subjects with comorbid diseases or concomitant medication that would have influenced serum UA levels or BMD. To the best of our knowledge, this was the first Indian study evaluating the relationship between BMD and UA.
Conclusion
To conclude, raised serum UA levels were associated with higher BMD at all skeletal sites in this study, suggesting that UA may have a protective role in bone health possibly through its antioxidant action. However, the antioxidant theory is highly speculative and remains controversial till date. Therefore, more in-depth studies with a large sample size across geographies, as well as basic research are warranted to elucidate the role of UA as an antioxidant in bone metabolism.
